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ANALYTICAL  CHEMISTRY  IN  MICROENVIRONMENTS: 
SINGLE  NERVE  CELLS 


INTRODUCTION 


The  ultimate  neuronal  microenvironment  is  the  single  nerve  cell.  The  heterogeneity  between 
individual  cells  in  the  brain  demands  that  attempts  be  made  to  determine  the  development,  function 
and  regulation  of  individual  neurons.  When  developing  techniques  to  carry  out  analysis  in 
neiirochemical  microenvironments,  it  is  important  to  realize  the  incredible  variability  not  only  in 
chemistry  from  cell  to  cell,  but  also  in  physiological  response  time  and  compartments  within  single 
cells.  Analysis  of  cytoplasm,  organelles,  extracellular  fluid,  and  single  whole  cells  must  be  consid¬ 
ered  primary  goals  for  eventual  understanding  of  single  cell  function.  Voltammetric 
microelectrodes  (1,2)  are  ideally  suited  for  dynamic  chemical  changes  resulting  from  descrete 
neurochemical  events  as  they  possess  rapid  response  times.  Furthermore,  many  neurochemicals 
are  easily  oxidized.  In  addition,  microcolumn  separation  methods  including  open  tubular  Liquid 
chromatography  (3)  and  capillary  electrophoresis  (3,4)  are  capable  of  profiling  the  chemistry  of 
single  cells.  Hence,  voltammetry  is  useful  for  experiments  where  changes  in  chemical  composition 
are  to  be  monitored  and  microcolumn  separation  methods  allow  determination  of  chemical  compo¬ 
sition  at  a  specific  sampling  time.  This  paper  will  describe  experimental  schemes  and  discuss  re¬ 
sults  obtained  using  these  methods  to  monitor  neurochemistry  at  the  level  of  a  single  cell. 

Small  voltammetric  probes  have  been  used  to  monitor  easily  oxidized  substances  in  the  cyto¬ 
plasm  of  single  nerve  cells  (5-8).  Slightly  larger  carbon  fiber  electrodes,  originally  developed  for 
voltammetry  in  the  extracellular  fluid  of  mammalian  brains  (9,10),  have  recently  been  used  to 
monitor  the  secretion  of  catecholamines  from  single  adrenal  cells  in  culture  (11,12).  The  amazing 
aspect  of  this  latter  experiment  is  the  ability  to  discriminate  neurotransmitter  secretion  from  single 
neuromessenger  vesicles  containing  approximately  5x10^  catecholamine  molecules. 

Microcolumn  separation  methods  have  been  developed  to  the  point  where  successful  analyses 
have  been  carried  out  on  single  whole  nerve  cells  including  large  invertebrate  cells  (1,13)  and  small 
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mammalian  adrenal  cells  (14).  In  addition,  capillary  electrophoresis  has  been  used  to  inject,  sepa¬ 
rate,  and  detect  picoliter  samples  of  cytoplasm  from  single  large  invertebrate  neurons  (15).  In  prin¬ 
ciple,  these  separation  techniques  should  find  great  applicability  in  many  areas.  These  might  in¬ 
clude  profiling  the  amino  acid  content  of  single  cells,  investigating  the  possible  coexistence  of 
neurotransmitters  in  specific  cells,  determining  interactions  between  pharmacological  agents  or 
neuroleptic  drugs,  and  examining  cytoplasmic  levels  of  neurotransmitter. 

Most  chemical  studies  in  the  neurosciences  have  concentrated  on  chemical  changes  in  specific 
regions  of  the  nervous  system  with  single  cell  work  mainly  approached  by  use  of  microchemical 
techniques  including  enzyme  activity  measurements,  spectrophotometric  techniques  (16),  micros¬ 
cale  ion-selective  electrodes  (17,18),  and  fluorescence  imaging  techniques  (19).  The  latter  two 
methods  have  been  highly  successful  at  monitoring  dynamics  of  inorganic  ion  concentration  at  the 
single  cell  and  subcellular  level.  In  the  presentation  below,  the  use  of  voltammetric 
microelectrodes  to  monitor  the  larger  molecular  neurotransmitters  and  the  use  of  microcolumn 
separation  techniques  to  profile  and  compartmentalize  single  nerve  cells  will  be  discussed.  These 
methods  are  sensitive  at  the  attomole  level  for  detection  of  molecular  species  thereby  opening  new 
avenues  for  understanding  single  cell  neurochemistry.  Furthermore,  they  should  be  generally  ap¬ 
plicable  to  the  study  of  biological  events  in  single  cells. 

OVERVIEW  OF  RELEVANT  TECHNIQUES  FOR  ANALYSIS  OF  MICRO¬ 
ENVIRONMENTS 

Small  Electrodes  Suitable  for  Biological  Microenvironments 

Achievement  of  chemical  monitoring  at  the  single-cell  level  requires  that  significant  attention 
be  given  to  the  miniaturization  of  chemical  analysis  technologies.  Several  techniques  have  been 
developed  for  dynamic  chemical  monitoring  in  small-volume  environments.  Among  these,  vol¬ 
tammetry  at  ultrasmall  electrodes  stands  out  as  a  rapid  and  sensitive  means  to  monitor  easily  oxi¬ 
dized  or  reduced  species.  A  key  element  in  the  use  of  electrochemistry  in  ultrasraall  environments 
is  the  total  structural  tip  dimension  of  the  electrode  employed.  Electrode  tip  diameters  in  the  micron 
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or  sub-micron  range  are  necessary.  A  large  repetoire  of  electrode  designs  and  principles  have  been 
developed  for  applications  in  microenvironments.  Ultrasmall  Noble-metal  electrodes  have  been 
reported  (20,21);  however,  ultrasraall  carbon  electrodes  have  been  used  for  most  work  in  this  area 
(7,10,12).  Several  procedures  have  been  developed  for  the  construction  of  small  carbon  electrodes. 
The  most  widely  employed  small  carbon  electrodes  use  a  carbon  fiber  as  the  electrochemical  sub¬ 
strate  (2,9).  Carbon  fiber  electrodes  have  been  constructed  in  both  the  disk-shaped  (2)  and  cylindri¬ 
cal  geometry  (9).  These  electrodes  are  typically  constructed  using  carbon  fibers  having  5  to  1 1  |Lira 
diameter,  although  35  |xm  diameter  electrodes  are  also  used  (22).  Hence,  disk-shaped  carbon  fiber 
electrodes  typically  have  15  to  20  |jim  tip  diameters  including  insulation.  These  can  be  employed 
for  applications  outside  single  cells.  In  contrast,  electrodes  small  enough  to  place  through  a  single 
cell  membrane  for  use  in  single-cell  cytoplasm  should  have  total  structural  diameters  in  the  1  to  5 
^m  range. 

One  new  electrode  design  that  provides  electrode  tips  with  total  structural  diameters  in  the  1  to  5 
Hm  range  is  the  carbon  ring  electrode  (23).  Carbon  ring  electrodes  are  routinely  constructed  by 
drawing  silica  tubes  to  small  tip  diameters  in  a  methane-oxygen  flame.  After  the  tip  has  cooled,  it  is 
reheated  while  a  flow  of  methane  is  maintained  through  the  tube.  Methane  pyrolysis  at  approxi¬ 
mately  1200°C  results  in  the  deposition  of  a  conducting  carbon  film  inside  the  small  tip.  The  inside 
of  the  carbon  is  insulated  with  epoxy  and  electrical  contact  is  established  inside  the  tube  using  con¬ 
ducting  silver  epoxy.  To  expose  a  ring  of  carbon  the  tip  of  the  structure  is  carefully  cleaved  with  a 
scalpel  while  viewing  under  a  microscope.  A  scanning  electron  micrograph  of  a  carbon  ring  elec¬ 
trode  is  shown  in  Figure  la.  These  electrodes  have  already  proven  useful  for  both  intracellular  and 
extracellular  voltammetry  (vide  infra).  However,  carbon  electrodes  with  even  smaller  total  tip  di¬ 
ameters  are  under  development  for  use  in  still  smaller  biological  microenvironments  (ie.  single  syn¬ 
apses). 

Carbon  fibers  can  be  etched  by  electropolishing  to  provide  submicron  conical  tips  that  produce 
extremely  small  electrodes  (6,12).  Indeed,  carbon  electrodes  as  small  as  carbon  ring  electrodes 
have  been  developed  by  these  approaches.  It  has,  however,  been  difficult  to  construct  disk-shaped 
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carbon  fiber  electrodes  with  sub-micron  total  tip  diameters  because  most  strategies  to  insulate  the 
electrode  tips  require  insulation  thicknesses  that  are  greater  than  one  micron.  We  have  recently 
developed  a  procedure  to  form  insulating  films  with  100  nm  thickness  (24).  Electropolymerization 
of  phenol  and  2-allylphenol  results  in  thin  copolymer  films  that  can  be  crosslinked  by  heating.  This 
technology  has  been  employed  to  construct  carbon  electrodes  with  total  tip  diameters  as  small  as 
400  nm  (Figure  lb).  Although  these  electrodes  do  not  have  electroactive  diameters  as  small  as 
those  described  by  Penner  et  al.  (20),  total  structural  size  of  the  etched  carbon  electrodes  is  consid¬ 
erably  smaller.  The  tips  of  the  electrodes  described  by  Penner  et  al.  are  occluded  by  a  large  glass 
structure  immediately  behind  the  tip.  This  prevents  electrode  placement  in  microenvironments 
while  viewing  with  a  microscope.  We  expect  the  etched  carbon  electrodes  to  prove  highly  useful  in 
future  studies  of  the  smallest  microenvironments. 

Microcolumn  Separations  for  Neurochemical  Analysis 

Open  Tubular  Liquid  Chromatography  (OTLC).  (TTLC  is  carried  out  using  capillary  tubes  with 
inner  diameters  of  2  to  50  pm  and  a  typical  length  of  1  to  3  m.  Separation  is  based  on  differential 
retention  of  solutes  as  they  interact  with  a  stationary  phase  in  the  capillary.  This  stationary  phase  is 
adsorbed  or  bonded  to  the  inner  wall  of  the  capillary  instead  of  to  particles  that  are  packed  into  a 
column  as  in  HPLC.  When  OTLC  is  operated  at  very  small  capillary  diameters,  the  resolving 
power  obtained  is  much  greater  than  that  with  packed-bed  columns  (25).  Theoretical  predictions 
for  OTLC,  assuming  reasonable  operating  conditions  for  time  and  pressure,  suggest  that  optimum 
resolving  power  is  obtained  with  columns  having  2  to  5  pm  iimer  diameter  (26).  A  key  advantage  to 
this  technique  is  its  ability,  in  fact  necessity,  to  employ  extremely  small  sample  volumes. 

Capillary  Electrophoresis.  Capillary  electrophoresis  (4,27,28)  provides  a  means  to  obtain  the 
high  efficiency  separations  promised  by  microcolumns  without  the  need  for  a  coated  or  bonded 
stationary  phase.  The  term  capillary  electrophoresis  comprises  several  related  techniques.  Capil¬ 
lary  zone  electrophoresis  generally  implies  an  electrophoretic  separation  inside  a  solution-filled 
capillary.  In  this  system,  separation  is  based  on  differential  electrophoretic  mobilities  of  ionic  sol- 
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utes  as  they  migrate  in  the  potential  field.  No  gel  support  is  used  and  capillary  dimensions  are 
typically  2  to  100  |j,m  inner  diameter  and  10  to  100  cm  length.  Other  modes  of  capillary 
electrophoresis  include  micellar  electrokinetic  capillary  chromatography  (29),  capillary  gel 
electrophoresis  (30,31),  capillary  isotachophoresis  (32),  and  capillary  isoelectric  focusing  (33). 
Virtually  all  the  work  performed  with  single  cells  has  been  carried  out  in  the  capillary  zone 
electrophoresis  mode,  hence,  this  technique  will  be  emphasized  here. 

Capillary  zone  electrophoresis  provides  rapid,  highly  efficient  separations  of  ionic  species  in 
extremely  small  volume  samples.  One  unique  advantage  of  narrow-bore  capillary  tubes  is  the  en¬ 
hanced  heat  dissipation  via  the  capillary  wall.  This  permits  the  use  of  very  high  potential  fields  and 
open  solutions  for  fast,  efficient  separations.  In  addition  to  the  enhanced  heat  dissipation,  other 
advantages  to  the  use  of  capillaries  for  electrophoresis  exist  Electroosmosis  is  the  flow  of  solvent 
in  a  capillary  when  a  potential  fleld  is  applied  across  the  length  of  the  capillary  (34).  Electroosmotic 
flow  offers  three  key  advantages  for  separation  of  small  biological  samples.  First  this  flow,  if  not 
deliberately  altered,  is  often  strong  enough  to  cause  all  solutes  to  elute  at  one  end  of  the  capillary. 
Thus,  by  placing  a  single  detector  at  one  end  of  the  column,  capillary  electrophoresis  is  easily  auto¬ 
mated.  Second,  the  ultrasmall  volume  flow  rates  in  capillary  electrophoresis  permit  sampling  from 
microenviromnents  (ie.  single  cells).  Indeed,  volumes  as  low  as  270  femtoliters  have  been  injected 
using  electroosmotic  flow  (15).  Finally,  electroosmotic  flow  provides  a  flat  flow  profile,  since 
there  is  no  stationary  support  between  the  origin  of  flow  (capillary  wall)  and  the  bulk  of  solution. 
This  leads  to  high  efficiency  separations  and,  unless  the  capillary  diameter  is  the  same  dimension  as 
the  solution  double  layer,  electroosmotic  flow  is  largely  independent  of  diameter,  pressure,  and 
sample  viscosity.  This  is,  of  course,  a  major  advantage  in  the  use  of  electroosmotic  flow  over  exter¬ 
nally  applied  pressure  to  acquire  cellular  or  cytoplasmic  samples. 

Detection  Methods  for  Microcolumn  Separations.  A  great  deal  of  work  has  been  invested  in  the 


development  of  detectors  for  OTLC  and  capillary  electrophoresis.  Key  developments  in  detector 
technology  useful  for  neurochemical  analysis  have  involved  mass  spectrometric,  electrochemical, 
and  fluorescence  detectors.  Although  mass  spectrometric  detection  has  been  used  for  neurochemi- 


cals  (35)  and  shows  great  promise  for  the  future,  it  is  presently  too  insensitive  to  permit  analysis  of 
the  extremely  low  levels  of  material  found  in  single  cells.  Only  amperometric  (3,4,13,15,36-39) 
and  laser-based  fluorescence  detectors  (3)  have  been  used  with  OTLC  or  capillary  electrophoresis 
for  single  cell  analysis. 

Sensitive  amperometric  detection  schemes  have  been  developed  for  both  OTLC  (40)  and  capil¬ 
lary  electrophoresis  (4,38).  In  both  of  these  systems,  detection  is  accomplished  using  a  small  car¬ 
bon  tiber  electrode  placed  inside  the  end  of  the  capillary.  To  carry  out  amperometric  detection  in 
capillary  electrophoresis,  the  detection  electrode  must  be  isolated  from  the  high  potential  field  em¬ 
ployed  for  electrophoresis.  This  can  be  accomplished  with  a  porous  glass  tube  that  is  epoxied 
around  a  small  crack  in  the  electrophoresis  capillary  (4,38).  Figure  2  shows  one  system  employed 
for  amperometric  detection  in  capillary  electrophoresis.  Here,  the  separation  potential  is  applied 
between  the  inlet  of  the  capillary  and  the  porous-glass  joint  Electroosmotic  flow  serves  as  a  pump 
to  push  separated  solutes  past  the  porous-glass  coupler  and  to  the  detector. 

Laser-based  fluorescence  has  recently  been  employed  with  OTLC  and  capillary 
electrophoresis  to  detect  amino  acids  in  single  nerve  cells  following  homogenization  of  the  cell  and 
derivatization  of  the  amino  acids  with  napthalene-2,3-dicarboxaldehyde  (3).  This  work  has  al¬ 
lowed  profiles  of  several  amino  acids  to  be  obtained  for  single  large  invertebrate  neurons  by  meth¬ 
ods  further  elaborated  on  in  the  next  section. 

Other  Techniques.  Although  this  article  will  focus  on  voltammetric  and  separations-based 
probes  of  the  single  cell  neuronal  microenvironment,  several  other  techniques  for  cell  handling  and 
chemical  measurements  have  been  developed  for  similar  studies.  These  include  methods  involving 
enzyme  activity,  spectrophotometry,  and  immunoassay  (16,41),  microscale  spectroscopic  tech¬ 
niques  (19,42),  optical  and  electron  microscopic  techniques  (43,44),  and  secondary  ion  mass  spec¬ 
trometry  (45). 
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EXPERIMENTAL  RESULTS  FROM  THE  NEURONAL  MICROENVIRONMENT 


Voltammetric  Analysis  at  Single  Nerve  Cells 

Since  the  early  use  of  carbon  electrodes  for  in  vivo  neurochemistry  ( 1 ),  several  new  electrodes, 
techniques  and  applications  have  emerged.  It  is  now  possible  to  use  voltammetric  probes  to  follow 
real-time  release  of  dopamine  from  nerve  terminals  in  vivo  following  a  single  stimulus  pulse  (46). 
A  great  deal  of  information  has  been  obtained  concerning  neurotransmission,  the  interaction  of 
drugs,  and  neurochemical  dynamics  in  the  extracellular  fluid  of  the  mammalian  brain.  More  re¬ 
cently,  these  techniques  have  been  scaled  down  to  the  level  where  neurotransmitter  dynamics  can 
be  followed  immediately  outside  and  inside  single  hormone  or  nerve  cells. 

Extracellular  Voltammetry  at  Single  Nerve  Cells.  Carbon  fiber  electrodes  have  been  used  to 
monitor  stimulated  release  from  single  bovine  adrenal  cells  in  culture  (11,12).  The  experiment  is 
carried  out  by  placing  a  micropipette  and  a  microelectrode  very  close  to  a  single  adrenal  ceU.  The 
micropipette  is  used  to  stimulate  the  cell  with  approximately  20  nL  of  a  nicotine  solution  and  the 
ncurotransmitter  released  is  monitored  voltammetrically  at  the  carbon  electrode  (Figure  3).  The 
exciting  aspect  of  this  experiment  is  the  ability  of  this  technique  to  discriminate  release  of  single 
vesicles  (termed  granules  for  adrenal  cells)  of  neurotransmitter  from  the  single  cell.  Each  of  the 
large  “spikes”  observed  on  the  current  vs  time  plot  represents  neurotransmitter  released  from  a  sin¬ 
gle  granule  within  the  cell.  This  work  has  been  extended  to  demonstrate  the  release  of  both 
norepinephrine  and  epinephrine,  two  neuro-transmitters,  from  single  cells  (47)  and  this  result  has 
been  substantiated  with  microcolumn  separation  methods  (see  below).  Analysis  of  the  current  ob¬ 
served  for  each  granule  release  event  provides  an  estimate  of  5  to  8  amol  of  catecholamine  in  each 
granule  (11). 

Stimulated  release  of  dopamine  from  a  single  neuronal  cell  body  in  the  pond  snail,  Planorbis 
comeus,  also  results  in  single  chemical  “spikes”  superimposed  on  the  bulk  release  observed  by 
voltammetry  at  carbon  ring  electrodes  placed  just  outside  the  nerve  cell  (Figure  4).  We  have  not  yet 
conflrmed  that  these  “spikes”  correspond  to  neurotransmitter  release  from  single  vesicles.  How- 
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ever,  the  pattern  displayed  is  very  similar  to  tha^  observed  for  release  from  adrenal  cells  and  differ¬ 
ence  voltammograms  between  the  high  and  low  responses  shown  in  Figure  4b  are  similar  to  those 
for  dopamine  in  vitro  (Figure  4c).  The  average  “spike”  corresponds  to  approximately  0.1  to  0.5 
fmol  of  dopamine  molecules,  which  is  consistent  with  the  larger  vesicles  found  in  this  system. 
Interestingly,  vesicular  release  is  not  expected  to  occur  at  neuronal  cell  bodies  in  invertebrates.  The 
voltammetric  micromethods  described  collectively  allow  monitoring  of  microscopic  phenomena 
never  directly  observed  before  (vesicular  release),  allow  chemical  differentiation  between  vesicles 
in  the  same  cell,  and  may  weU  lead  to  the  discovery  of  new  cellular  phenomena. 

Intracellular  Voltammetry.  Voltammetry  has  also  been  used  to  monitor  drugs  and 
neurotransmitters  in  the  cytoplasm  of  single  large  nerve  cells.  Meulemans  et  al.  (6)  have  used 
electrochemically  polished  and  glass-coated  carbon  fiber  electrodes  with  tip  diameters  in  the  mi¬ 
crometer  range  for  intracellular  voltammetry.  In  these  experiments,  differential  pulse  voltammetry 
was  used  to  monitor  penetration  of  two  electroactive  drugs,  metronidazol  and  antipyrine,  into  iden¬ 
tified  cholinergic  neurons  of  the  marine  snail,  Apiysia  califomica.  The  results  have  been  used  to 
evaluate  the  kinetics  of  penetration  and  clearance  of  these  drugs  along  with  their  maximum  cyto¬ 
plasmic  concentration. 

We  have  evaluated  the  use  of  carbon  ring  electrodes  for  voltammetric  monitoring  of  neurot¬ 
ransmitters  in  single  cell  cytoplasm.  Carbon  ring  electrodes  have  been  placed  in  the  large  identified 
dopamine  neuron  of  Planorbis  comeus  (7,8).  Under  normal  cell  resting  conditions,  the  background 
level  of  dopamine  in  the  cytoplasm  of  this  cell  is  below  the  voltammetric  detection  limit  for  carbon 
ring  electrodes  (approximately  2  x  10-^  M).  Voltammetric  monitoring  following  cell  membrane 
permeabilization  with  50%  ethanol  allows  a  “snap-shot”  measurement  of  total  dopamine  in  the 
cell.  The  ratio  of  total  dopamine  to  the  detection  limit  provides  an  estimate  of  the  dopamine  stores 
that  are  not  in  the  cytoplasm  and  are  presumably  in  vesicles.  This  ratio  has  been  estimated  at  98% 
and  provides  the  first  direct  measurement  of  vesicular  to  cytoplasmic  neurotransmitter  stores  in  a 
single  nerve  cell. 
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The  future  of  single  cell  voltamraetric  methods  will  include  the  development  of  electrodes  ca¬ 
pable  of  monitoring  neurotransmitters  and  other  substances  that  are  not  easily  oxidized  or  reduced. 
Ruhr  and  cowoikers  are  presently  investigating  the  use  of  extremely  small  enzyme  electrodes  for 
rapid  monitoring  of  the  excitatory  neurotransmitter  glutamate  at  the  single  cell  level  (48).  We  have 
recently  developed  a  2-^m  tip  diameter  enzyme  electrode  capable  of  monitoring  glucose  transients 
in  single  cell  cytoplasm  (49).  Figure  5  shows  the  amperometric  response  of  one  of  these  electrodes 
placed  inside  the  large  dopamine  cell  of  Planorbis  comeus  following  intracellular  injection  of 
picoliter  volumes  of  glucose  and  control  substances.  Although  oxygen  levels  can  interfere  with 
these  measurements,  the  ability  to  qualitatively  monitor  glucose  transients  in  single  cell  cytoplasm 
should  allow  the  investigation  of  transient  changes  in  single  cell  metabolic  and  respiratory  proc¬ 
esses  during  cell  stimulation,  neurotransmitter  release,  and  neurotransmitter  reuptake. 

Single  Cell  Analysis  by  Microcolumn  Separation  Techniques 

A  key  aspect  in  the  use  of  microcolumn  separation  techniques  for  analysis  at  the  single  cell  level 
is  the  method  of  sample  acquisition.  Sample  preparation  and  injection  methods  differ  considerably 
between  OTLC  and  capillary  electrophoresis  techniques  as  well  as  between  analysis  at  the  whole 
cell  vs  cytoplasmic  levels. 

Whole  Cell  Analysis.  To  profile  compounds  in  single  cells  using  OTLC,  the  general  procedure 
is  shown  in  Figure  6.  This  procedure  (36,37)  involves  isolation  of  a  single  cell  by  microdissection 
techniques  and  transfer  of  the  cell  via  a  micropipette  to  a  500-nL  microvial.  After  addition  of  an 
internal  standard,  the  cell  is  homogenized  and  centrifuged.  A  sample  of  supernatant  is  then  injected 
by  pressure  from  a  micropipette  into  an  OTLC  column.  An  example  separation  with  electrochemi¬ 
cal  detection  of  cell  components  is  shown  in  Figure  7.  In  this  example  the  electrode  voltage  has 
been  scanned  to  provide  a  chromatovoltamniogram  to  enhance  selectivity.  This  method  has  been 
used  to  demonstrate  the  coexistence  of  dopamine  and  serotonin  in  a  single  neuron  in  Helix  aspersa 
(3,37).  Additionally,  whole  cells  have  been  removed  from  Helix  aspersa  and  the  amino  acids 
derivatized  with  naphthalene-2,3-dicarboxaldehyde  followed  by  OTLC  separation  with  amp- 


-9- 


erometric  detection  (39).  The  methods  described  here  have  also  been  used  with  this  added  deriva- 
tization  step  to  apply  both  the  OTLC  and  capillary  electrophoresis  techniques  with  laser  fluores¬ 
cence  detection  to  whole  cell  profiling  of  amines  (3).  Finally,  Jorgenson  and  coworkers  have  com¬ 
bined  another  microcolumn  separation  technique,  microbore  liquid  chromatography,  with  similar 
procedures  to  identify  individual  adrenal  cells  that  contain  norepinephrine,  epinephrine,  or  the  co¬ 
existence  of  both  neuromodulators  (14). 

Whole  cell  sampling  can  also  be  accomplished  for  capillary  electrophoresis  by  directly  drawing 
a  ceU  into  the  tip  of  a  capillary  with  electroosmotic  flow  and  subsequently  lysing  the  cell  mem¬ 
branes  inside  the  capillary  (13).  This  holds  the  distinct  advantage  of  providing  100%  sampling  of 
the  cell  components  leading  to  better  detection  limits  for  low-level  species.  However,  direct  sam¬ 
pling  presently  precludes  sample  derivatization  and,  hence,  limits  the  detection  modes  available. 

The  procedure  for  direct  sampling  of  whole  cells  by  electroosmotic  flow  is  shown  in  Figure  8. 
This  experiment  is  performed  with  a  capillary  tip  that  has  been  chemically  etched  to  a  small  diame¬ 
ter.  With  the  aid  of  a  microscope,  the  tip  is  placed  in  direct  contact  with  the  cell  and  an  injection 
potential  of  1  to  10  kV  is  used  to  transport  the  cell  into  the  capillary.  After  the  neuron  is  drawn  into 
the  capillary,  a  10-s  injection  of  nonphysiological  buffer  is  drawn  into  the  capillary  and  the  voltage 
is  turned  off  for  60  s.  This  delay  allows  time  for  the  cell  to  lyse.  Following  cell  lysing,  the  cell 
components  are  separated  and  detected  in  the  electrophoresis  system.  Separation  of  small,  easily 
oxidized  neurochemicals  from  single  cells  of  Planorbis  comeus  has  been  carried  out  in  this  manner 
(13).  However,  we  have  also  obtained  capillary  electropherograms  for  picoliter  aliquots  of  single 
cell  cytoplasm. 

Sampling  Cytoplasm.  The  extremely  low  volume  capabilities  of  capillary  electrophoresis  al¬ 
lows  manipulation  of  subcellular  samples.  Figure  9  shows  an  SEM  of  a  capillary  tip  that  has  been 
chemically  etched  to  provide  an  8  ^.m  microinjector  for  acquiring  and  injecting  samples  from  single 
cell  cytoplasm  (7,50).  A  schematic  of  the  capillary  electrophoresis  system  used  for  acquiring,  sepa- 
raung,  and  detecting  cytoplasmic  samples  directly  obtained  from  single,  intact  neurons  is  shown  in 
Figure  10.  The  etched  electrophoresis  capillary  is  inserted  directly  into  a  cell  body  of  a  single  large 
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dopamine  (or  serotonin)  containing  nerve  cell.  The  neurons  chosen  for  these  studies  have  been  the 
relatively  large  and  easily  identified  cells  on  the  left  and  right  pedal  ganglia  of  Planorbis  comeus 
(51). 

Figure  1 1  compares  an  electropherogram  of  a  cytoplasmic  sample  obtained  from  the  large 
dopamine  neuron  of  Planorbis  comeus  (Figure  1  lb)  to  electropherograms  of  dopamine,  catechol 
and  dihydroxyphenylacetic  acid  obtained  from  a  standard  solution  (Figure  11a  and  c)  before  and 
after  separation  of  the  cytoplasmic  sample,  respectively.  The  peaks  in  the  electropherogram  of  the 
cytoplasmic  sample  have  been  identified  by  calculating  the  electrophoretic  mobilities  of  each  peak 
and  comparing  them  to  those  of  authentic  standards.  The  electrophoretic  mobility  of  peak  A  from 
the  cytoplasmic  sample  corresponds  to  that  of  the  dopamine  standard.  The  neutral  peak  (peak  B) 
cannot  be  identified,  even  tentatively,  by  zone  electrophoresis;  however,  it  might  contain  a  non¬ 
ionic  precursor  of  dopamine  and  possibly  more  than  one  component  The  anionic  peak  (peak  C) 
removed  from  the  dopamine  cell  has  a  similar  electrophoretic  mobility  to  that  of 
dihydroxyphenyacetic  acid  and  appears  to  be  this  major  metabolite,  although  it  is  not  present  in  all 
the  dopamine  cells  examined. 

% 

Injection  volumes  for  the  cytoplasmic  analysis,  based  on  electroosmotic  flow,  ranged  from  50 
to  66  pL.  However,  since  the  injection  of  cations  and  anions  involves  both  electrophoresis  and 
electroosmotic  flow,  the  apparent  injection  volume  for  these  ions  is  different  than  the  liquid  in¬ 
jected.  Thus,  an  apparent  injection  volume  must  be  determined  when  using  calibration  standards 
that  are  based  in  total  moles  in  order  to  calculate  the  concentration  of  the  injected  sample.  This 
apparent  injection  volume,  V,  can  be  calculated  by  the  equation 

V  =  [|le  +  |i«o]EAtinj 

where  |i«  is  the  electrophoretic  mobility  of  the  substance,  peo  is  the  coefficient  of  electroosmotic 
flow,  E  is  the  field  strength,  A  is  the  cross-sectional  area  of  the  capillary  bore,  and  tinj  is  the  injec¬ 
tion  time.  In  the  experiment  shown  here,  the  apparent  volume  of  injected  cation  was  1 03  pL.  On  the 
basis  of  the  apparent  injection  volumes,  results  from  several  experiments  indicate  that  the  average 
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cytoplasmic  level  of  dopamine  in  the  dopamine  cell  of  Planorbis  comeus  is  3.0  ±  0.79  pM  (n  =  7; 
SEM,  standard  error  of  the  mean). 


An  additional  point  of  interest  in  the  data  shown  is  that  the  peaks  that  appear  to  represent  neurot¬ 
ransmitters  removed  from  single  cells  (both  dopamine  and  also  for  serotonin)  are  highly  asymmet¬ 
ric.  One  explanation  for  this  observation  might  be  the  sampling  of  vesicles  from  within  single  cell 
cytoplasm.  This  theory  is  currently  under  investigation. 

Present  experimental  and  long-range  goals  for  microcolumn  separation  techniques  include 
measuring  and  identifying  neurotransmitters  in  single  vesicles  (52),  measuring  components  of  spe¬ 
cific  regions  of  neuronal  membranes  (ie.  growth  cones;  regions  having  a  high  density  of  receptors 
or  ion  chaimels),  and  perhaps  even  measuring  efflux  of  neurotransmitter  from  single  synapses.  The 
further  miniaturization  of  microcolumn  separations  is  bringing  these  goals  closer  to  reality. 


CONCLUDING  REMARKS 

Miniaturization  of  analytical  techniques  is  providing  new  methods  to  examine  neurochemical 
and  neurophysiological  events  at  the  single  cell  level.  In  this  article,  we  have  presented  an  overview 
of  recently  developed  techniques  involving  voltammetry  at  ultrasmall  electrodes  and  microcolumn 
separations.  Voltammetry  can  be  used  to  monitor  neurotransmitter  dynamics  outside  single  nerve 
cells,  in  single  cell  cytoplasm,  and  perhaps  at  single  synapses.  One  of  the  most  exciting  new  revelar 
tions  brought  to  light  by  these  measurements  is  the  apparent  ability  to  observe  the  physiological 
event  corresponding  to  the  release  of  single  neurotransmitter  vesicles  into  the  extracellular  fluid.  In 
addition,  microcolumn  separation  methods  provide  a  powerful  approach  to  understanding  single 
cell  neurochemistry.  Open  tubular  liquid  chromatography  and  capillary  electrophoresis  have  been 
scaled  down  to  levels  where  picoliter  and  femtoliter  volume  samples  can  be  separated.  This  pro¬ 
vides  the  means  to  profile  the  chemistry  of  single  whole  nerve  cells  and  to  sample  subcellular  re¬ 
gions.  The  ability  to  quantitate  and  monitor  chemical  species  in  single  cells  and  cellular  compart¬ 
ments  by  these  techniques  should  be  widely  applicable  to  other  systems  including  the  determination 
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of  compartmentalization  of  catecholamines  in  adrenal  cells.  Clearly,  the  techniques  in  this  area 
have  lead  to  many  intriguing  discoveries  concerning  single  cell  neurochemistry,  and  with  further 
development  will  lead  to  subcellular  measurements  of  peptides,  proteins  and  intracellular  second 
messengers,  all  enroute  to  uncovering  the  way  in  which  single  nerve  cells  function. 
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FIGURE  LEGENDS 

Figure  1.  Scaiming  electron  micrographs  of  two  different  carbon  voltammetric  electrodes,  (a) 
Carbon  ring  electrode;  Large  scale  bar  represents  1  pm.  (b)  Etched  and  insulated  carbon 
fiber  electrode;  scale  bar  represents  100  nm.  Figure  la  reproduced  with  permission  from 
reference  23. 

Figure  2.  Schematic  of  CZE  system  with  electrically  conductive  joint  Inset:  Top  view  of  amp- 
erometric  detection  system.  Reproduced  with  permission  from  reference  4. 

Figure  3.  Current  versus  time  profile  of  the  response  of  a  single  adrenal  modullary  chromattin  cell 
to  100  pM  nicotine.  Detection  was  performed  with  a  carbon-fiber  microelectrode 
scanned  at  300  V/s.  Inset  shows  the  background-subtracted  cyclic  voltammogram  ob¬ 
tained  at  the  maximal  response.  This  voltammogram  matches  that  for  norepinephrine  ia 
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vitro.  Reproduced  with  permission  from  reference  47. 


Figure  4.  Oxidation  current  monitored  at  a  10  |im  carbon  ring  electrode  placed  immediately  out¬ 
side  the  cell  body  of  the  large  dopamine  neuron  of  Planorbis  comeus  following  stimula¬ 
tion  (at  5  s)  with  15  |J.L  of  3  M  KCl.  Voltammograms  were  obtained  every  1 10  ms  at  a 
scan  rate  of  300  V/s.  (a)  Current  vs  time  obtained  by  averaging  the  current  between 
+0.42  and  0.54  V  on  the  positive  scan  of  each  voltammogram.  (b)  An  expansion  of  the 
current  vs  time  plot  between  the  arrows  shown  in  (a),  (c)  Difference  cyclic  voltam¬ 
mograms:  (•)  Background  substracted  cyclic  voltammograms  obtained  during  an  in  vitro 
precalibration  for  a  10  |i,M  DA  concentration  increment  (o)  Cyclic  voltammogram  ob¬ 
tained  by  subtracting  the  average  of  10  scans  at  the  bottom  of  the  observed  peaks  from  10 
scans  at  the  top  of  the  observed  peaks  shown  in  (b).  Current  scale:  •,  i  =  1 .3  nA;  o,  i  =  0. 1 
nA. 

Figure  5.  Current  observed  at  a  glucose  oxidase  electrode  placed  in  the  large  dopamine  neuron  of 
Planorbis  comeus.  (a)  Response  to  a  2  pL,  3  M  intracellular  glucose  injection,  (b)  Re¬ 
sponse  to  an  8  pL  intracellular  injection  of  pH  7.4  buffer  only,  (c)  Response  of  an  elec¬ 
trode  not  coated  with  glucose  oxidase  to  an  8  pL,  3  M  intracellular  glucose  injection.  The 
electrode  potential  was  0.6  V  vs  SSCE  in  all  cases.  Reproduced  with  permission  from 
reference  49b. 

Figure  6.  Procedure  for  whole  cell  analysis  by  OTLC. 
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Figure  7.  Chromatovoltaromograro  of  cell  FI  obtained  by  using  the  method  described  in  the  text 
and  shown  in  Figure  6.  The  column  diameter  was  19  ^m  i.d.  The  peak  labels  are  as 
follows:  DA  is  dopamine,  DHBA  is  3,4-dihydroxybenzylamine,  5-HT  is  serotonin, 
TYR  is  for  tyrosine,  and  TRP  is  for  tryptophan.  The  voltammogram  for  serotonin  has 
two  peaks  due  to  the  two  functionalities  which  are  oxidizable  at  the  electrode,  namely  the 
phenol  group  and  the  indole  nitrogen.  Reproduced  with  permission  from  reference  37. 

Figure  8.  Procedure  for  whole  cell  injection  and  separation  with  CE. 

Figure  9.  Scanning  electron  micrograph  of  an  etched  microinjector  for  acquiring  and  injecting  cy¬ 
toplasmic  samples,  constructed  at  the  high  voltage  end  of  a  5  p.m  i.d.  electrophoresis 
capillary.  Bar  represents  100  pm.  Reproduced  with  permission  from  reference  50. 

Figure  10.  System  used  for  removal,  separation,  and  detection  of  cytoplasmic  samples  from  single 
nerve  cells  with  an  expanded  view  of  the  left  and  right  pedal  ganglia  of  the  brain  of 
Planorbis  comem.  Reproduced  with  permission  from  reference  15. 

Figure  1 1.  Capillary  electrophoretic  separations  of  standard  solutions  and  a  separation  of  a  cyto¬ 
plasmic  sample,  (a)  Separation  of  authentic  standards  before  cytoplasmic  injection.  DA 
=  dopamine  (105  amol),  electrophoretic  mobility  is  2.40  cm2  v-i  s-*;  CAT  =  catechol 
(60  amol)  and  DOPAC  =  dihydroxyphenylacetic  acid  (175  amol),  electrophoretic  mobil¬ 
ity  is  -2.22  cm2  v-i  s-i.  The  injection  volume  was  69  pL,  based  on  electroosmotic  flow, 
(b)  Capillary  electrophoretic  separation  of  solutes  in  a  sample  of  cytoplasm  removed 
from  inside  the  giant  dopamine  neuron  of  Planorbis  comeus.  The  injection  volume  was 
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66  pL.  Peaks  A,  B  and  C  have  been  identified  as  dopamine,  a  nonionic  species  and 
dihydroxyphenylacetic  acid  based  on  their  calculated  electrophoretic  mobilities.  The 
electrophoretic  mobility  of  peak  A  is  2.40  cm2  y/-i  s-i  and  that  of  peak  C  is  -2.28  cm2 
V-i  s-i.  (c)  Capillary  electrophoretic  separation  of  same  authentic  standards  as  in  (a) 
obtained  after  the  cellular  experiment  shown  in  (b).  Conditions  for  all  separations; 
Electrophoresis  capillary  length,  66  cm;  buffer,  0.025  M  MES,  pH  =  5.65;  injection,  5  s 
at  10  kV  through  a  700  pm  long,  10  pm  o.d.  microinjector;  separation  potential,  25  kV. 
Detection  electrode,  0.7  V  vs  saturated  calomel  reference  electrode. 
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